Abstract: Local administration routes have been investigated to reduce the systemic toxicity and to increase the local efficacy of cytotoxic drugs. Some examples of local administration strategies are cutaneous, intraperitoneal, intrathecal and intravesical chemotherapy. When administered locally, high local drug concentrations can be achieved with increased local efficacy and, conditionally that only small amounts of drug are absorbed into the bloodstream, low systemic toxicity.
INTRODUCTION
In this selected overview, we focus on the ultrasensitive assays developed to determine the leakage of locally administered anti-cancer agents into the systemic circulation ( Intravenous and oral chemotherapy are the most important cancer treatments, however, they can be associated with considerable side-effects. In the past years, local administration routes have been investigated to reduce the systemic toxicity and to increase the local efficacy. Some examples are cutaneous, intraperitoneal, intrathecal and intravesical chemotherapy. Important advantages of these administration routes are high local drug concentrations with local efficacy and, conditionally that only small amounts of drug are absorbed into the systemic circulation, low systemic toxicity.
Obviously, it is pivotal to investigate whether the locally administered cytotoxic drug will pass into the bloodstream in sufficient high concentrations that could lead to systemic toxicity. For this purpose ultrasensitive analytical assays are needed because of the low systemic drug concentrations that are reached after most local administrations.
This article gives a selected overview of ultrasensitive bioanalytical assays of locally administered cytotoxic drugs. For other pharmacologic research questions ultrasensitive assays are also needed e.g. metronomic therapies [1, 2] , microdosing [3] , long-term effects [4] , monitoring of hospital personnel potentially exposed to cytotoxic agents [5] , and for which this review may be useful.
BIOANALYTICAL METHODS
To quantify any drug and to follow its absorption, distribution, metabolism, and elimination (ADME) in body fluids, sensitive and specific analytical methods are required. Originally, high performance liquid chromatography (HPLC) or gas chromatography (GC) in combination with ultraviolet (UV), fluorescence, or electrochemical detection have been employed to quantify drugs in biomatrices. However, most anti-cancer agents and their metabolites are non-volatile, thermolabile and small polar molecules and therefore, not susceptible to GC [6] . UV detection suffers from low specificity and sensitivity, especially when small polar molecules are the target. Fluorescence and electrochemical detection are more sensitive and specific than UV detection, but they have a disadvantage to be useful only for analytes with fluorescent or electro-active groups. Selective and ultrasensitive detection in bioanalytical analysis was achieved, when HPLC was successfully coupled to mass spectrometry (MS). This hyphenation allowed the selective and ultrasensitive detection of a broad range of anti-cancer compounds and their metabolites [6] . With the introduction of atmospheric pressure ionization (API), atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI) in the 1980's these techniques were applied more and more for quantitative drug analysis. Nowadays, the use of the improved LC-MS interfaces such as ionspray (ISP, pneumatically assisted ESI), turbo-ionspray or heated electrospray (TISP or HESI; pneumatically assisted ESI with an additional hot drying gas perpendicular to the spray) and heated nebulizer (HN)-APCI (pneumatically assisted APCI) immensely facilitated the evaporation of the HPLC solvents, leading to better ionization and detection of the analytes of interest. Triple-quadrupole mass spectrometers (TSQ), became the 'working horse' for quantitative analysis in the selected reaction mode (SRM). With the introduction of the orthogonal-acceleration reflection time-of-flight (oa-TOF) instruments, which combine the ability to perform accurate mass determination with excellent full-scan ability and the ion-trap storage-reflection TOF instruments, it became possible to detect and quantify not only the parent drugs, but also to identify their metabolites and degradation products accurately and in low concentrations.
With the introduction of API 5000 and TSQ Quantum Ultra's with enhanced mass resolution capability, Q-TOF instruments and Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) the determination of very low levels of the compound of interest became possible.
Chromatography is not limited anymore to reversedphase mode, but more and more other approaches such as supercritical fluid chromatography and Hydrophilic Interaction Chromatography (HILIC) ("normal-phase" chromatography) are employed. Moreover, porous graphitic carbon material enables chromatographic separation and analysis of analytes with varying structural differences and polarities in a single analytical run.
Another exciting development was the hyphenation of HPLC and nuclear magnetic resonance (HPLC-NMR) technology, facilitating molecular structures identification of e.g. unknown metabolites [7] .
In conclusion, these techniques made it possible to develop highly specific and sensitive methods. We are especially interested in the use of these MS based technologies to quantify very low levels of anti-cancer agents and their metabolites e.g. in situations after local administration where leakage into the systemic circulation is of interest, conceivably causing toxicity.
We review different local administration routes of anticancer agents and discuss, briefly, relevant pharmacologic features of the applicable drugs and their most sensitive bioanalytical assays currently available.
CUTANEOUS ADMINISTERED ANTI-CANCER AGENTS
Cytotoxic agents, applied to the skin, are usually used for their local effects to treat primary or metastatic skin cancers ( Table 1) . This administration route is advantageous due to the high local drug concentrations with high local efficacy and low systemic toxicity. However, one must be aware of the regional differences in drug penetration: the face, scalp and scrotum are reasonably more permeable than the leg or a forearm. In those cases, drug penetration may lead to unwanted systemic effects. To study this, ultrasensitive assays are required.
Anti-Metabolites

5-Fluorouracil
5-Fluorouracil (5-FU) is a chemotherapeutic agent that can be used both topically and i.v. 5-FU inhibits thymidylate synthetase, which leads to inhibition of DNA synthesis and cell death [8] . 5-FU is enzymatically cleared from plasma to produce dihydro-5-fluorouracil (FUH2), which is the ratelimiting step catalyzed by dihydropyrimidine dehydrogenase (DPD). Two following steps result in the formation of fluoroureidopropionic acid and -fluoro--alanine (FBAL), respectively with release of CO 2 and NH 3 (Fig. 2) [9] . Bioanalysis of 5-FU and its metabolites is complex due to its hydrophilic nature and the fact that it is a small molecule, making it cumbersome to separate it from endogenous substances and to detect it selectively using HPLC-UV or even HPLC-MS. There are two ultrasensitive methods with a LLOQ of 1 ng/mL. Wang et al. presented an HPLC-MS/MS assay where 5-FU is extracted from plasma using liquidliquid extraction with ethyl acetate and derivatized with 4-bromo-methyl-7-methoxycoumarin (BMC) to yield a diderivatized product with a higher molecular weight and lipophilicity, which allowed the chromatographic separation and reduced the background noise observed in the mass Isotretinoin (all-trans RA) and retinoic acid (13- Abbreviations: HPLC-UV: High performance liquid chromatography coupled with ultraviolet detector; GC-MS: Gas chromatography coupled to mass spectrometry; HPLC-MS: High performance liquid chromatography coupled to mass spectrometry; HPLC-MS/MS: High performance liquid chromatography coupled to tandem mass spectrometry; HPLC-PB/MS: High performance liquid chromatography coupled to particle beam mass spectrometry; LLOQ: Lower limit of quantitation; *: Method is sensitive enough when it allows the systemic detection of the locally administered anti-cancer agents; n/a: Not applicable (because no systemic pharmacokinetic studies have been performed or the compound was not measured).
spectrometer with the low weight molecules (Fig. 3 ) [10] . Derivatized 5-FU eluted from the reversed phase column using an eluent which contained 65% organic modifier. 500 L samples aliquots were processed and the LLOQ was 1ng/mL using negative APCI mode. Matsushima et al. described another method utilizing gas chromatographynegative ion chemical ionization MS (GC-NICI-MS) method for the analysis of 5-FU (along with tegafur, 5-chloro-2,4-dihydroxypyridine and potassium oxonate) in human plasma [11] . This method also yields a LLOQ of 1 ng/mL, but requires 250 L human plasma aliquots, which is 2 times less than required by the method described by Wang et al. However, this method is more cumbersome and requires an extensive sample pretreatment. In this method, tegafur was extracted from plasma using liquid-liquid extraction by means of dichloromethane, followed by the extraction of 5-FU with ethyl acetate from the residual layer after extraction of tegafur and conversion into its PFB derivative by addition of pentafluorobenzylbromide and thriethylamine [11] . Consequently, if 500 L of samples aliquots are available, the HPLC-MS/MS method described by Wang is preferred with a LLOQ of 1 ng/mL, due to its simplicity. The 5% 5-FU formulation was approved as a treatment of actinic keratoses (AK) in the early 1970s. 5-FU has been used to treat localized skin cancers and urological cancers, with good response (around 80-90%). When applied topically, 5-FU is less toxic than systemic chemotherapy. Usually 5-FU is applied to premalignant or malignant skin lesions as 5% Efudix® cream/ointment [8, [12] [13] [14] [15] . The local side effects include pain, irritation, inflammation and soreness. The applied dosage varies greatly from the size of lesional area treated and the thickness of the applied cream. Usually, the dosages of cutaneously applied 5-FU vary between 2 mg and 250 mg [13] . However, there are cases when 5% 5-FU ointment is applied to the total body surface for the treatment of the extensive non-melanoma skin cancer. A case represents a 73-year-old man, who received topical 5-FU 5% cream twice weekly to the total body using 20 g per application [16] . The treatment period was 6 weeks and the blood samples were taken before, 30, 60, 90, 120, 240 minutes after and 24 h after application in order to measure the i.v. 5-FU levels. Using a HPLC-UV method with LLOQ of 10 ng/mL [17] , no detectable levels of 5-FU were observed [16] . Although, no systemic toxicity was observed, apparently this method is not sensitive enough to determine the traces of 5-FU in plasma. Yet, with the methods described by Matsushima and Wang with the LLOQ of 1 ng/mL it might be possible to determine 5-FU levels in the systemic circulation after topical administration.
DNA Alkylating Agents
DNA alkylating agents were the first compounds identified to kill cancer cells. They contain reactive alkyl moieties that can covalently bind to vital cellular components. They form a variety of interstrand cross-linked adducts, that alter DNA structure or function. The nitrogen mustards are the largest class of alkylating agents. The most common site of alkylation is the N-7 position of guanine in the DNA.
Temozolomide
Temozolomide is an imidazotetrazine derivative of the alkylating agent dacarbazine (DTIC), which spontaneously degrades in physiological fluid to generate the cytotoxic methylating agent, MTIC (5(3-methyl-1-triazeno)imidazole-4-carboxamide), which subsequently fragments to the DNAmethylating agent, methyldiazonium [18] [19] [20] . It is believed, that MTIC alkylates the O 6 and N 7 positions of guanine in the DNA. In this process, MTIC itself is converted to 5(4)-aminoimidazole-4(5)-carbozamide (AIC) (Fig. 4) [21] [22] [23] . Temozolomide, in addition to nausea and vomiting, causes dose-limiting myelotoxicity following oral administration, and haematological toxicity often led to disrupt treatment. Therefore, the cutaneous route of administration was tested recently [18] . Shen et al. presented an HPLC-UV assay to determine temozolomide in human plasma with the lower limit of quantitation (LLOQ) of 200 ng/mL. 100 mg C 18 -endcapped cartridges to extract temozolomide from the plasma and 100 L sample aliquots were used [21] . Hong Kim et al. presented the assay with a LLOQ of 100 ng/mL, where temozolomide is extracted using ethyl acetate followed by separation on a reversed phase C-18 column and quantification by UV absorbance at 316 nm using 500 L aliquot human plasma [22] . Although the last assay seems more sensitive, 5 times more sample aliquot is required compared to an assay described by Shen [21] . Since it is believed that temozolomide exerts its antitumor activity via its degradation product MTIC, it is important to also determine MTIC plasma concentrations following cutaneous administration of temozolomide to evaluate its systemic exposure and plasma pharmacokinetics [22, 24] . MTIC is a highly unstable compound and, consequently, the chosen sample pretreatment is usually a simple protein precipitation on ice with ice-cold reagents followed by immediate analysis. Chowdhury et al. developed an HPLC-MS/MS method for the determination of MTIC in dog and rat plasma with a LLOQ of 10 ng/mL utilizing only 70 L of dog/rat plasma [23] . Sample purification was achieved by means of a simple protein precipitation with 70 L of methanol and MS was operated in the positive ion mode. Another method, described by Kim et al, utilizes 200 L human plasma and protein precipitation with 100 L methanol [22] . This method was developed using HPLC-UV with a LLOQ for MTIC in human plasma of 10 ng/mL. Although this HPLC-UV method has the same LLOQ for temozolomide as the HPLC-MS/MS method (10 ng/mL), the assay presented by Kim et al. (LC-MS/MS) is relatively more sensitive utilizing only 70 L of plasma instead of 200 L. With topical application at a dose of 20 mg/mouse/day, the newly synthesized temozolomide hexyl ester, effectively inhibited the tumor growth in mice, inoculated with MV3 human melanoma cells [18] . Although, no study was executed to verify the systemic exposure to temozolomide and MTIC after cutaneous administration, the methods of Kim et al. [22] and Chowdhury et al. [23] with a LLOQ of 10 ng/mL are probably sensitive enough to determine any temozolomide/MTIC reaching the systemic circulation after cutaneous administration.
Nitrogen Mustard
Nitrogen mustard (mechlorethamine hydrochloride, mustine) is an alkylating anti-cancer agent discovered in 1940's and is used in the treatment of Hodgkin's disease, non-Hodgkin's lymphoma, leukemia, and multiple myeloma [25, 26] . This compound can alkylate a DNA base or crosslink between two bases (guanine and adenine) of a DNA helix [27] . In urine, nitrogen mustard hydrolyses to Nmethyldiethylamine (MDEA). Others than the intravenous (i.v.) routes have been tested, and mechlorethamine has been particularly successful in a topical treatment of mycosis fungoids (MF) and Langerhans cell histiocytosis (LCH) [25, 26, [28] [29] [30] . Topical nitrogen mustard has been shown to be effective for patients with early stages of MF. There is, however, only one article describing the determination of nitrogen mustard in human plasma [31] . Here, mechlorethamine is treated first with diethyldithiocarbamic acid (DDTC) to form the disubstituted derivative, which is then analyzed by HPLC-UV with a LLOQ of 100 ng/mL (Fig. 5 ) [31] . Mass and NMR spectrometry confirmed that one molecule of DDTC reacts with each arm of the nitrogen mustard, displacing a chlorine atom to form a stable disubstituted adduct. The HPLC-UV method is, however, probably not sensitive enough to measure any absorbed nitrogen mustard.
After all, no evidence of systemic toxicity was observed as measured by normal blood count and chemistries. In conclusion, further research has to be executed.
Vitamines
Isotretinoin
Isotretinoin, a derivative of retinoic acid (13-cis-retinoic acid), which is a natural derivative of Vitamine A, plays an important role in tissue growth, differentiation and development [32] . However, when administered orally, isotretinoin has some severe side effects, and both isomers of retinoic acid (isotretinoin and tretinoin) and their respective 4-oxo metabolites are teratogenic. Therefore, gel pharmaceutical formulations containing 0.05% (w/w) isotretinoin for the cutaneous administration, have been developed [32, 33] . Lehman et al. described a highly sensitive assay with a LLOQ for isotretinoin as low as 0.05 ng/mL human plasma [34] . 0.5-mL aliquots plasma samples were protein precipitated with 2-propanol followed by solid phase extraction. The retinoic acids were derivatized to the pentafluorobenzyl (PFB) ester by the addition of 10 L of neat PFB bromide and 10 L of 10 mg/mL potassium carbonate in acetonitrilewater (50:50, v/v) solution to the solid phase extraction acetonitrile eluate. The chromatographic separation was performed by means of HPLC and the highly sensitive detection was obtained using mass spectrometry particle beam interface (HPLC/PB/MS) [34] . Willoughby and Browner [35] demonstrated promising performance characteristics for a system consisting of an aerosol generator, a desolvation chamber, and a particle beam separator. This design was named MAGIC, but with the commercial development of several variations of MAGIC, became known as a particle beam interface [36] . HPLC/PB/MS has proven to be a valuable tool for the detection of the thermolabile and nonvolatile analytes.
The use of PFB ester derivative and negative chemical ionization using methane as the ionization reagent yielded only one significant negative ion fragment, contributing to the high sensitivity of this method, the carboxylate anion of the parent acid (M-PFB)
-. This method could not only quantify endogenous retinoic acid plasma levels (between 0.8 and 3.5 ng/mL), but also provided the latitude to discriminate very small changes in those levels [34] . The administered amount of isotretinoin in a gel formulation (0.05% or 0.5 mg/g) is described to be 0.2 g [33] .
Consequently, if topically administered isotreinoin will exhibit leakage into the systemic circulation, the traces of isotretinoin can quantified by this ultrasensitive method developed by Lehman et al. with a LLOQ of 0.05 ng/mL, allowing determination of even the minimal changes in the endogenous levels of isotretinoin [34] .
Anti-Hormones
Anti-hormones modify the expression of specific genes and block the action of a hormone on receptor sites.
Toremifene
Toremifene is a new triphenylethylene with activity in patients with breast and endometrial cancer [37] . When applied i.v., toremifene is extensively metabolized and over twenty metabolites have been identified, however, the two major metabolites of toremifene, N-desmethyl-toremifene (TOR-I) and (deaminohydroxy)toremifene (TOR III) are present in human plasma in significant quantities and are believed to be active (Fig. 6) [38] . Besides the i.v. administration, toremifene was also tested topically to obtain high concentrations in superficial tumors while minimizing the systemic exposure [37] . trile and UV detection with a LLOQ of 100 ng/mL utilizing 100 L plasma aliquots [38] .
Thus far, the most sensitive assay for the determination of toremifene and its major metabolites in human plasma is presented by Holleran et al. [39] . Plasma samples were spiked with nafoxidine, an internal standard, and extracted with 2% n-butanol in hexane. The aliquots of the extracted plasma components were injected onto a C-18 reversed phase column and eluted isocratically with a mobile phase consisting of water and triethylamine in methanol. The detection was performed by means of fluorescence detection with a LLOQ of 25 ng/mL for all compounds and the lower limit of detection (LOD) of 8, 15 and 5 ng/mL for toremifene, N-desmethyl-toremifene and 4-hydroxytoremifene, respectively [39] .
The distribution and the cytotoxic effects of topically applied toremifene (0.5-1 mg/day for 5 days) in the ultraviolet B (UVB)-induced melanoma model was examined [37] . The topical administration of toremifene yielded high local concentration with minimal systemic distribution. In addition, toremifene exhibited a cytotoxic effect at achievable concentrations in a variety of melanomatous cell lines. In plasma, toremifene could only be detected in one animal out of six, at 16 ng/mL. The authors used the method described by Holleran et al. and the detected 16 ng/mL is lower that the LLOQ, but higher than LOD. Hence, this method is not sensitive enough to quantify the traces of systemically absorbed tamoxifen in this study. To achieve a greater sensitivity a HPLC-MS/MS technology instead of HPLC-UV and the fluorescence method used here, can possibly provide better results.
4-Hydroxytamoxifen
4-Hydroxytamoxifen (4-OHT) is the most active metabolite of tamoxifene, which binds to the estrogen receptor with higher affinity than tamoxifen (Fig. 7) [40] . It was found that the cutaneous application of 4-OHT gel (0.5, 1 or 2 mg/day) to the skin of the breast produced high and consistent tumor concentrations of 4-OHT and much lower plasma levels. Thus far, there is only one, but a highly sensitive method to determine 4-OHT concentration in human plasma with a LLOQ of 0.02 ng/mL [41] . The drug and deuterated internal standard (4-OHT D4) were measured by GC/negative chemical ionization MS with methane as the reactant gas. 4-OHT and internal standard were isolated from the complex biological matrices using a solid-phase extraction procedure with Extrelut 1 columns. 4-OHT was converted to the fluorinated derivative with pentafluorobenzyl chloride. This assay required 0.5 ml of plasma or 0.5 g of mammary tissue. The mass spectra showed abundant and stable molecular ions of 4-OHT and 4-OHT-d4, which were generated by electron capture process. This assay showed low relative standard deviation [41] Recently, a randomized study was performed to analyze whether 4-OHT gel, administered cutaneously on the breast skin, can inhibit the proliferation of malignant breast cells to the same extent as orally administered tamoxifen [40] . Several doses were tested to determine the best ratio efficacy/safety. After the administration of 0.5 mg/day, 1.0 mg/day and 2.0 mg/day 4-OHT gel, the concentrations of 18-144, 20-84 and 31-306 pg/mL of 4-OHT in plasma were measured using the method described above. Consequently, the LLOQ of this ultrasensitive method is sufficient for this application.
Miltefosine
Miltefosine (hexadecylphospholine, He-PC) is an alkylphospholine with a long-chain fatty acids-like backbone belonging to a new therapeutic class of cytotoxic agents that are related to phospholipids (Fig. 8) [42] . The cytotoxic effect of miltefosine has been demonstrated in a wide range of tumors. When administered systemically, miltefosine induces major gastrointestinal toxicity. However, when combined with glycerol ethers it is absorbed through the cutaneous tissue and can be delivered topically [42] [43] [44] . Thus far, miltefosine proved to be therapeutically active when administered topically in 6% miltefosine solution against cutaneous metastases from breast cancer [42] [43] [44] [45] . The lowest administered dose was 1 drop (0.025 mL) of 6% (60 mg/mL) miltefosine solution, yielding a total dose of 1.5 mg. Thus far published HPLC coupled to evaporative light scattering detector (ELSD) analytical method utilizing solid phase extraction as means of sample pretreatment, allowed quantification of miltefosine in human plasma with a LLOQ of 340 ng/ml [46] . However, recently at our lab, Dorlo et al. succeeded to develop a more sensitive method utilizing a reversed phase HPLC-MS/MS technology with a LLOQ for miltefosine of 4 ng/mL. Solid phase extraction utilizing Phenyl Bond Elut -SPE cartridges was used as means of samples pretreatment and 250 L sample aliquots were processed. [47] . Use of a 0.9 M aqueous acetic acid buffer solution set at pH 4.5 for dilution of the samples and conditioning of the solid phase extraction cartridges, resulted in a slightly better recovery compared to the above described method [46] and, more importantly, highly reproducible results. Because the structure of miltefosine lacks any chromophores, it makes UV or fluorescence detection very difficult, and MS detection is an obvious choice offering a sufficiently high sensitivity to measure miltefosine in human plasma [47] . 
OCULAR ADMINISTERED ANTI-CANCER AGENTS
Anti-cancer agents used to treat eye disorders can be mixed with inactive substances to make a liquid, gel or ointment, so that they can be applied to the eye ( Table 2) . Ocular agents are almost always only used for their local effects after they are absorbed through the cornea and conjunctiva. However, some of these drugs may then enter the bloodstream and might have unwanted effects on other parts of the body.
Anti-Metabolites
5-Fluorouracil
The spectrum of squamous neoplasia of the conjuctiva and cornea ranges from mild to severe epithelial dysplasia, full thickness epithelial involvement (carcinoma in situ) to invasive squamous cell carcinoma. The surgical excision of the neoplastic lesions has been the standard treatment, however due to the high recurrence rate (15-50%) after the surgery, other methods of treatment have been investigated and used alone or as an adjunct to surgery [48] . Topical 1% 5-FU has been shown to be effective in treating conjunctival and corneal intraepithelial neoplasia (CIN); it has been well tolerated and effective method of treatment [48] . The 1% 5-FU therapeutic formulation was prepared using a preservativefree methylcellulose solution as a vehicle. The sensitive analytical assays to determine 5-FU in human plasma are described in section 3.1.1, however due to the lack of information on the possible plasma levels obtained after the ocular administration of 5-FU, we can not draw any conclusion on the usefulness of these methods for the described clinical application.
DNA Alkylating Agents
Mitomycin C
Mitomycin C (MMC) is a chemotherapeutic antibiotic isolated from Streptomyces caespitosus. It is an alkylating agent, which causes breakage of single-strand DNA. MMC functions in all phases of the cell cycle, especially in rapid dividing cells. The most significant toxicity of MMC in humans is myelosuppression, confirmed to be delayed and dose-related effect. As a consequence of chemical degradation or quinone reduction three primary metabolites of MMC can be produced: 2,7-diaminomitosene (2,7-DM) 1,2-cisand 1,2-trans-hydroxy-2,7-diaminomitosene (cis-hydro and trans-hydro) (Fig. 9) . The formation of the metabolites is pH-dependant. Moreover, the factors such as oxygen tension and level of free radicals can influence the formation of the metabolites [49] .
Over the years there have been numerous HPLC with UV or Photo Diode Array (PDA) detection methods developed Abbreviations: HPLC-UV: High performance liquid chromatography coupled with ultraviolet detector; HPLC-PDA: High performance liquid chromatography coupled with photodiode array detector; GC-MS: Gas chromatography coupled to mass spectrometry; HPLC-MS/MS: High performance liquid chromatography coupled to tandem mass spectrometry; LLOQ: Lower limit of quantitation; *: Method is sensitive enough when it allows the systemic detection of the locally administered anti-cancer agents; n/a: Not applicable (because no systemic pharmacokinetic studies have been performed or the compound was not measured).
5-Fluorouracil Antimetabolites
for the quantification of mitomycins in various biological matrices [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . Paroni et al. described an ultra sensitive method for the determination of MMC in human plasma with the LLOQ of 0.5 ng/mL [57] . Relatively high amount of 1000 L sample aliquots were processed using solid-phase extraction under vacuum and the injection volume of 100-200 L into the HPLC column is utilized. Chromatographic analysis was performed on a reversed-phase C18 column and MMC was detected by means of the UV detection set at 365 nm [57] . Dalton et al. described a more simple HPLC-UV method for MMC in plasma with the LLOQ of 0.5 ng/mL [53] . 1000 L sample aliquots were mixed with 10 L of internal standard porfiromycin (1.07 mg in 0.5M phosphate buffer pH 7) and 90 L 2.0 M phosphate buffer pH 7. MMC and its internal standard were extracted from human plasma with 10 mL ethyl acetate and 50 L was injected into the HPLC. Dalton et al. describe the difficulties associated with the sample pretreatment of MMC. The tight binding of the MMC to the glass tube under vacuum conditions was observed during the extraction. This problem was solved by first evaporating ethylacetate with dissolved MMC in 10-ml disposable glass tube to dryness under a stream of nitrogen at ambient temperature, followed by rinsing the used glass tube with two separate 100 L aliquots of methanol, transferring the methanol fraction to an eppendorf tube and evaporating again in the vortex vacuum evaporator [53] .
Topical MMC has been successfully used in the treatment of recurrent conjunctival-corneal intraepithelial neoplasia (CCIN) since 1994 with reported success rates of 85-100% [60, 61] . Various concentrations and durations of the treatment have been tested: from 0.002% to 0.04% MMC in sterile distilled water. No study has been executed where systemical concentrations of topically administered MMC were determined. The ultrasensitive assay described by Dalton et al. may be sufficiently sensitive to measure any MMC in the systemic circulation.
OTHER TOPICALLY ADMINISTERED ANTI-CANCER AGENTS
Ear
Anti-Metabolites
5-Fluorouracil
Retraction and abnormal proliferation of the eardrum epithelium are believed to consist of pathogenic processes of cholesteatoma [14] . 5% 5-FU topical cream has been effective (88% of the 50 patients) with no serious side effects [14] . 2-3 mm 3 (0.002-0.003 mL) of 5% 5-FU (50 mg/mL) cream is applied on the outer surface of cholesteatoma transmeatally under the microscope 2 to 5 times with interval of 2 weeks (Table 3 ) [14] . No study was executed where the systemic exposure was measured.
Pharynx
Anti-Metabolites
5-Fluorouracil
There is only one case reported when 5% 5-FU cream is used to treat squamous cell carcinoma recurrence on a reconstructive free flap in the pharynx [8] . The protocol consisted of five applications of ribbon gauze coated with 20 g of 5% Efudix® (50 mg/g; 5-FU ointment) at three-weekly intervals. The patient experienced no side effects of the treatment and 28 months post-treatment was still clinically and histologically disease-free. The administered dose was 1,000 mg. Although, no study was executed to establish the systemic exposure to 5-FU after this topical administration, with the methods described by Matsushima and Wang with a LLOQ
cis-hydroxy trans-hydroxy of 1 ng/mL it might be possible to determine traces of 5-FU in the systemic circulation.
Mouth
Antitumor antibiotics
Bleomycin
Bleomycin is an antitumor antibiotic drug isolated from Streptomyces verticillus consisting of bleomycin A2 and B2 (Fig. 10) . Its cytotoxic activities are believed to be the result from the effect of the drug on physical DNA integrity: DNA binding and DNA cleaving are thought to be the two essential steps in the cytotoxic process. The aminopeptidase Blike enzyme Bleomycin hydrolase, acts on the carboxamide group of the aminoalanine moiety of bleomycin converting it into its inactive metabolite deamido-bleomycin. This inactivation of bleomycin has been shown to be an important step in limiting its antitumor activity [62] . Thus far, there is only one HPLC method for the quantitative determination and extraction of bleomycin (A2 and B2) from biological matrix (human plasma) with a LLOQ of 70 ng/mL [62] . In this assay, bleomycin in 300 L plasma aliquots was purified from plasma components by a double protein precipitation step with trichloroacetic acid (TCA) containing 1mM CuSO 4 to improve the HPLC peak performance. The two supernatants were mixed and 100 L was twice injected into the reversed phase HPLC coupled with fluorescence detection, which was more sensitive than previously described HPLC-UV techniques [62] .
Topical application of 1% bleomycin in dimethylsulfoxide (DMSO) has been evaluated in clinical trials, resulting in regression and resolution of leukoplakia [63] . The treatment solutions were applied to the involved area (tongue, lip, etc) by soaking pledgets of cotton in the solution with continuous application to the area for 5 min, once daily for 14 days. No plasma samples were measured to determine whether the Abbreviations: HPLC-UV: High performance liquid chromatography coupled with ultraviolet detector; GC-MS: Gas chromatography coupled to mass spectrometry; HPLC-MS/MS: High performance liquid chromatography coupled to tandem mass spectrometry; LLOQ: Lower limit of quantitation; *: Method is sensitive enough when it allows the systemic detection of the locally administered anti-cancer agents; n/a: Not applicable (because no systemic pharmacokinetic studies have been performed or the compound was not measured). topically applied bleomycin may have passed into the systemic circulation. However, the bioanalytical assay with a LLOQ of 70 ng/mL, described above, might be sensitive enough to determine systemic bleomycin after the topical application of high dosages. More research is warranted.
INTRAPERITONEAL ADMINISTERED ANTI-CANCER AGENTS
Intraperitoneal (i.p.; administration into the abdomen) chemotherapy is used as means of improving the selectivity of chemotherapy of intra-abdominal tumors, including ovarian, gastro-intestinal, pancreatic and colorectal cancers (Table 4) [64] [65] [66] [67] . Dedrick et al. suggested that i.p. administered agents would allow much greater peritoneal drug exposure and lesser systemic exposure [68] . Most of the investigations have indeed shown that i.p. drug administration results in large favorable concentration differences between the peritoneal perfusate and blood for a variety of agents [69] . The pharmacological advantage of i.p. therapy is an exposure of the i.p. disease to extremely high concentrations of anticancer drug while minimizing the systemic toxicity. For example, in the case of ovarian cancer, i.p. therapy appears to be a reasonable therapeutic approach, and it has been investigated for years [70] .
Anti-Metabolites
Methotrexate
Methotrexate (MTX) acts as an antimetabolite and is commonly used for the treatment of various malignant diseases, such as acute leukemia, osteosarcoma, non-Hodgkin lymphoma and breast carcinoma. MTX is converted to 7-hydroxymethotrexate (7OH-MTX), which is around 200 times less cytotoxic that MTX (Fig. 11) . MTX is a polar, nonvolatile and thermally unstable compound, therefore, the analysis of this compound is quite a challenge. 7OH-MTX is less polar compared to MTX due to an intra-molecular bonding between the hydroxyl and one of the carboxylic acid groups. With the introduction of the electrospray ionization MS, the analysis of MTX became possible and several methods have been developed and published [71] [72] [73] [74] . A quite elegant method is presented by Steinborner and Henion, involving the semirobotic liquid-liquid extraction in deep-well 96-well plates and detection of MTX and 7OH-MTX by means of positive ion turbo-ionspray selected reaction monitoring mass spectrometry (SRM LC/MS) [71] . The sample pretreatment time was reasonably short: 384 samples could be processed in only 90 min (four 96-well plates). The 200 L sample aliquots were first protein precipitated with 500 L acetonitrile followed by liquid-liquid extraction with chloroform. All steps were performed in 96-well plates and were automated [75] . A dual column system, consisting of a trapping column configuration and an analytical column, was used to concentrate the analytes and to separate it from matrix components. 80 L aliquots of the aqueous layer were used to be injected onto the trapping column. A small, 1 mm internal diameter analytical column was employed to achieve improved electrospray HPLC-MS sensitivity, with as result a LLOQ of 0.1 ng/mL for MTX and 0.3 ng/mL for 7OH-MTX [75] .
i.p. administration of MTX has been investigated in mice and rats in combination with i.v. administration of antidrug antibodies (or fragments; collectively abbreviated as ADAb).
The i.p administered dose in animals varied between 1.9 and 10 mg/kg animal, which was well tolerated [64, 69] . Interestingly, the pharmacokinetics of MTX given i.v. or i.p. was similar and no plasma protein binding was observed and the lowest detectable concentrations of approximately 3 g/mL were yielded [69] . Consequently, the currently available method for the determination of MTX in human plasma with the LLOQ of 0.1 ng/mL is very adequate for this application.
5-Fluorouracil
Uptake of 5-FU in tumor was higher when 5-FU was given i.p. compared to i.v. in a rat model. Moreover, it was found that a considerable uptake of 5-FU in the lymphatic vessels and lymph nodes was observed in the abdominal cavity in pigs. Based on these findings, and to investigate the safety, toxicity and efficacy of i.p. 5-FU, phase I/II study with i.p. 5-FU in non-resectable pancreatic cancer was executed [76] [77] [78] [79] [80] . Between 1994 en 2003, 68 patients with nonresectable pancreatic cancer TNM stages III and IV, were enrolled to receive i.p. 5-FU instillation of 750-1500 mg/m 2 . Although the systemic concentration of 5-FU after i.p. administration is low due to an eighty percent elimination in the first passage through the liver, it could still lead to dose limiting toxicity [76] . The authors concluded that the treatment was well tolerated; tumor response was 4.4% and median survival time 8 months. The lowest plasma levels of 5-FU detected were approximately 60 ng/mL using an assay with a LLOQ of 6.6 ng/mL [76] . Therefore, this and the ultrasensitive assay described in section 3.3.1, can provide accurate data on the systemic leakage of i.p. administered 5-FU.
DNA Alkylating Agents
Mitomycin C
Verwaal et al. performed a phase III study with patients who had carcinomatosis from colorectal cancer [81] . Patients who received cytoreduction plus hyperthermic intraoperative i.p. MMC chemotherapy had a median survival of 22.3 months compared to 12.6 for patients treated by palliative surgery plus systemic chemotherapy (P=0.032) [81, 82] . Therefore, Sugarbaker et al. executed a study with i.p. MMC to provide data regarding the effect of volume of chemotherapy solution on the pharmacokinetics of i.p. chemotherapy. The dose of MMC administered to 48 patients was 12.5 mg/m 2 in male and 10 mg/m 2 in female [82] .
Blood samples were obtained every 15 minutes for 90 minutes and the last sample was obtained at 120 minutes. Sugarbaker et al. concluded that between 55.7 (±9.8) % and 82 (±4.4) % of MMC was cleared from the peritoneal cavity after 90 minutes, depending on the volume of the chemotherapy. The lowest determined concentrations in plasma were approximately 70 ng/mL, obtained using an analytical method with a LLOQ of 5 ng/mL [52] . Consequently, using the ultrasensitive method for the determination of MMC in human plasma described in section 4.3.1, accurate pharmacokinetic curves can be obtained and the leakage of MMC into the systemic circulation can be quantified.
Melphalan
Melphalan is an antineoplastic alkylating agent used in the treatment of multiple myeloma, ovarian carcinoma, and breast cancer [83] . It exerts a cytotoxic effect through the formation of inter-or intrastrand DNA cross-links or DNAprotein cross-links via the two chlorethyl groups of the molecule (Fig. 12) . Unlike other mustards, melphalan does not require metabolic activation in order to become cytotoxic; it dechlorinates spontaneously and forms a highly reactive intermediate aziridinium ion, which immediately reacts with DNA forming melphalan adducts (Fig. 12 ) [84] . Melphalan undergoes rapid spontaneous hydrolysis in aqueous solution at room temperature and yields two hydrolysis products, monohydroxy-melphalan (MOH) and dihydroxymelphalan (DOH); neither of these degradation products have cytotoxic activity [85, 86] . Various analytical assays have been published to determine melphalan in human plasma [83, 85, [87] [88] [89] [90] . However, most of the methods involve labor intensive sample pretreatment, long chromatographic run times and considerable volumes of the sample and reagents. The most sensitive assay for melphalan analysis in human plasma is presented by Davies et al. utilizing a HPLC-MS/MS method with the LLOQ of 2 ng/mL [91] . In this assay, automated solid phase extraction is carried out with C18 sorbent packed in a 96 well format microlitre plate using a robotic sample processor. The extracts are analyzed by reversed phase liquid chromatography using pneumatically and thermally assisted electrospray ionization with selected ion reaction monitoring. Melphalan and its stable isotopically labeled internal standard were chromatographed in less than 2 minutes since no chromatographic separation between the analyte and the internal standard was needed due to the mass selective nature of the mass spectrometry. Using the sample volumes of 200 L the LLOQ was 2 ng/mL [91] . Abbreviations: HPLC-UV: High performance liquid chromatography coupled with ultraviolet detector; HPLC-MS/MS: High performance liquid chromatography coupled to tandem mass spectrometry; pSFC-MS/MS: Packed-column supercritical fluid chromatography coupled to tandem mass spectrometry; LLOQ: Lower limit of quantitation; *: Method is sensitive enough when it allows the systemic detection of the locally administered anti-cancer agents; n/a: Not applicable (because no systemic pharmacokinetic studies have been performed or the compound was not measured). Several studies have been performed with i.p. administered melphalan alone or with other cytotoxic drugs, such as cisplatin. The administered dose of melphalan varied from 16 mg/kg to 30 mg/kg [92, 93] . Recently, Sugarbaker et al. described the study with i.p. melphalan to assess the pharmacokinetics and to evaluate the potential clinical advantages of heated intraoperative i.p. melphalan as adjuvant therapy for patients with residual disease after cytoreductive surgery for peritoneal surface malignancies [94] . The dose of 70 mg/m 2 was given to the patients and the lowest determined concentration of melphalan in plasma was 100 ng/mL (the LLOQ of the used method was not mentioned). Prior to and very 15 min during the 90 min of perfusion, blood samples were obtained for the analysis. Consequently, the method developed by Davies et al. with a LLOQ of 2 ng/mL is far sufficient to measure the systemic exposure to melphalan after i.p. administration.
Thiotepa
Thiotepa is a DNA alkylating agent. It is extensively metabolized by the liver to tepa, which is also cytotoxic. Van Maanen et al. identified in urine a new metabolite of thiotepa with alkylating capacity, thiotepa-mercapturate [95] . De Jonge et al. has developed and validated a HPLC-MS/MS method for the quantitation of thiotepa and tepa with a LLOQ of 5 ng/mL [96] . Sample pretreatment consisted of protein precipitation with a mixture of methanol and acetonitrile using only 100 L human plasma. Chromatographic separation was achieved on Zorbax Extend C18 column and the detection was performed by means of triple quadrupole mass spectrometer, which was operating in the positive ion mode and multiple reaction monitoring (MRM) was used for drug quantification. [96, 97] . Interestingly, while most other assays employ an acidic eluent, such as acetic acid and for- For either reaction to be thermodynamically favoured requires that thiotepa and tepa is a stronger gas-phase base than NH 3 . This approach has demonstrated to be very useful for the quantitative analysis of basic anti-cancer agents, such as ABT-518, Kahalalide F and paclitaxel and its metabolites [99] [100] [101] [102] .
Thiotepa at doses of 0.8 mg/kg has been administered i.p. to prevent recurrence of ascites in ovarian cancer [103] [104] [105] [106] . Treatment was well tolerated and no acute inflammatory reactions were seen. After experimental administration of 32 P-radiolabeled thiotepa, the drug was slowly reabsorbed from peritoneal fluid. It was observed, that the radioactivity measured in the peritoneal fluid was 10-100-fold higher after i.p. administration compared to i.v., concluding that thiotepa might prove to be a useful component of i.p. chemotherapy [103] . In studies, thiotepa was given at doses varying from 30 mg/m 2 to 80 mg/m 2 as i.p. instillation [103, 107] . In the Phase I study performed by Lewis et al., 15 patients received a total of 50 courses with thiotepa ranging from 30 mg/m 2 to 80 mg/m 2 [108] . The dose limiting toxicity was myelosuppression, which occurred at 80 mg/m 2 . Peritoneal fluid concentrations declined rapidly in a first-order fashion [108] . Approximately 93% of the drug was absorbed during a 4 h dwell time. The detected plasma concentrations were approximately 25 ng/mL, and consequently detectable by the sensitive method for the determination of thiotepa in human plasma with a LLOQ of 5 ng/mL as described by de Jonge et al. [96] .
Platinum Anti-Cancer Drugs
Cisplatin
Cisplatin is a platinum based drug that is widely used in the clinical treatment of testicular, ovarian, lung, head and neck cancers (Fig. 13) [109] [110] [111] [112] . Indirectly, cisplatin reacts with DNA to form cross-links leading to inhibition of DNA replication, cell division and induce apoptosis [112] . After intraveneous infusion, cisplatin and its reactive metabolites become rapidly portioned into plasma protein-bound platinum (Pt), free plasma Pt, tissue Pt, Pt in peripheral blood mononuclear cells and erythrocyte-sequestered Pt [113] . Currently available methods to determine cisplatin employ inductively coupled plasma mass spectrometry (ICP-MS) and have LLOQ of 2 ng/mL in human plasma ultrafiltrate [109, 114] . However, once cisplatin will enter into the systemic circulation, it will form a variety of hydrolyzed intermediates. These intermediates will be partitioned into plasma protein-bound metal, free plasma metal, tissue metal, white blood cell metal, and erythrocyte-sequestered metal. Therefore, it is technically very difficult to measure cisplatin intact, and usually the total platinum content is measured to investigate the pharmacokinetics of the platinum compound. An ultrasensitive ICP-MS method for the quantification of platinum in plasma ultrafiltrate with the LLOQ of 7.5 pg/mL has recently been presented by Brouwers et al. [115] . Since the first application of ICP-MS for oncology research in 1990, ICP-MS has become an accepted and very important technique for the analysis of Pt anti-cancer agents. Atomic absorption spectrometry (AAS) is also an useful technique to determine Pt and other metals, but ICP-MS proved to be a far more sensitive instrument, however, it is also more costly. ICP-MS has several advantages over other methods, including a wide linear range, high sensitivity, potential for isotope determinations and multi-element capability [116] . It is also a less labor-intensive method, because the signal intensities are dependent only on the chemical structure of the analyte incorporating the metal and hence the method does not need standards of analyte/metabolite/adduct [116] . For the determination of platinum originating from cisplatin, Brouwers et al. used dilution of samples 100-fold with 1% nitric acid as a means of sample pretreatment. The detection was performed by ICP-MS. This method was validated according to the FDA guidelines, as far as applicable for ICP-MS [115] .
Cisplatin is used in the treatment of the ovarian cancer, however because of its toxicity, including nephro-, oto-, and neurotoxicity, other platinum anti-cancer agents, such as carboplatin are employed [111, 117] . In addition, there are three large randomized phase III studies comparing i.p. vs i.v. cisplatin-based chemotherapy [118] [119] [120] . Although all trials have shown survival benefit of i.p. chemotherapy, this approach has not yet been accepted as a standard treatment for selected ovarian cancer patients. I.p. cisplatin is given at a dose of 100 mg/m 2 .
Recently, Royer et al. investigated the serum and i.p. pharmacokinetics of cisplatin within intraoperative i.p. chemotherapy [121] . Serum and i.p. measurements of total and unltrafilterable platinum were quantified to determine pharmacokinetic parameters in 11 consecutive patients who received a 2 h intraoperative i.p. chemotherapy with 50 mg/m 2 cisplatin. I.p. platinum concentration decreased rapidly; the mean lowest systemic concentration of Pt was approximately 50 ng/mL after 25 h, concluding that the method developed by Brouwers et al. with a LLOQ of 7.5 pg/mL would be very sufficient to measure the traces of the systemical present Pt after i.p. cisplatin.
Carboplatin
Carboplatin (Fig. 13) is less toxic than cisplatin and therefore, it was reasonable to test its role in the i.p. treatment of ovarian cancer. However, despite the fact that i.v. administration of carboplatin has now become a standard platinum agent in the treatment of the epithelial cancer, i.p. administration of carboplatin has been ignored for years [118] . There is one available HPLC-MS/MS method to determine intact carboplatin in rat plasma ultrafiltrate with a LLOQ of 70 ng/mL, presented by Gou et al. [122] . Car- Fig. (13) . Structural formula of cisplatin, carboplatin and oxaliplatin.
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boplatin was extracted from only 50 L rat plasma ultrafiltrate using solid phase extraction cartridges, with 10 L aliquots were injected onto the reversed phase HPLC system and analyzed by positive electrospray MS [122] . The full scan spectrum was dominated by three major isotopes of platinum at m/z of 370.3, 371.3 and 372.3 with similar relative intensities. In the blanks, trace peaks at m/z of 371.3 and 372.3 were observed with a signal intensity of about two-to three-fold higher than baseline. Therefore, the m/z of 370.3 was chosen for detecting carboplatin in biological matrices [122] . Another method by Brouwers et al., as described in the previous section, allowed determination of the Pt resulting from carboplatin, cisplatin and oxaliplatin in human plasma ultrafiltrate at a LLOQ of 7.5 pg/mL [115] . Although this method is more sensitive for Pt, some researchers prefer not to atomize the compound but to detect the intact drug as this may yield more adequate pharmacokinetic profiles [122] .
Recently, several studies have been executed investigating i.p. carboplatin. It was found that the administered dose of carboplatin had to be almost 6 times higher than that of cisplatin to achieve comparable tissue concentration for the same effect. Therefore, 400 mg/m 2 of carboplatin has been used with sufficient effect [118, 123] .
Miyagi et al. investigated whether i.p. carboplatin infusion may be indeed a pharmacologically more reasonable route than i.v. administration as a systemic therapy [70] . The lowest systemic Pt concentration after i.p. administration of carboplatin was approximately 80 ng/mL after 25 h. Thus the assay designed by Brouwers et al. will be very applicable to measure the systemic concentrations of Pt after i.p. administration of carboplatin.
Oxaliplatin
Oxaliplatin is anti-cancer agent (Fig. 13) , which is currently used on a large scale to treat colorectal cancers. An ICP-MS method for the determination of total Pt levels has been described in human plasma ultrafiltrate with an LLOQ of 7.5 pg/mL [115] . Peritoneal carcinomatosis (PC) is one of the most common causes of incurability of intra-abdominal cancers. Surgery or chemotherapy alone is not able to cure this disease. However, when surgery was combined with hyperthermic i.p. chemotherapy (HIPEC), promising results were achieved [124] . Oxaliplatin does not cause renal or hepatic toxicity and is used as chemotherapeutic agent for HIPEC therapy. In the prospective phase II study described by Elias et al., a total of 106 patients were included and after complete resection of the PC, HIPEC was executed with oxaliplatin (360 mg/m 2 ) combined with irinotecan (360 mg/m 2 ) in 2 L/m 2 of 5% dextrose, over 30 minutes at a real i.p. temperature of 43 0 C [124] . Unfortunately, no human plasma measurements were performed to investigate the systemic leakage of oxaliplatin. However, recently, another study by Gesson-Paute et al. described the pharmacokinetics of oxaliplatin in pigs after i.p. administration at a dose of 460 mg/m 2 [125] . Platinum levels were measured using AAS analysis with a LLOQ of 20.9 ng/mL in plasma ultrafiltrate. The lowest concentration measured in this study is approximately 300 ng/mL. Thus, the published ICP-MS methods will be of value to determine Pt in human plasma ultrafiltrate after i.p. oxaliplatin administration [115] .
Antimitotic Agents
Antimitotic drugs inhibit cell division by binding to tubulin. This class of compounds predominantly consists of vinca alkaloids, such as vinorelbine, vinblastine, vincristine, and the taxanes, paclitaxel and docetaxel.
Paclitaxel
Cytotoxic activity of paclitaxel is derived from its ability to increase the assembly and stability of microtubules in dividing cells, thereby blocking the cell cycle. Paclitaxel has significant clinical activity against a broad range of tumor types including breast, lung, head and neck, bladder, and platinum-refractory ovarian carcinoma [126, 127] . Paclitaxel is metabolized in the human liver by cytochromes P450 (CYP) 2C8 and 3A4 [128] [129] [130] . Previous studies have shown that the major hepatic metabolite is 6 -hydroxy paclitaxel (6OHP) with an OH-group at C6 at the taxane ring [131] and a minor metabolite is 3'-p-hydroxy paclitaxel (3OHP) with an OH-group at the C3' of the phenyl in the side chain at C13 [132] . Both metabolites exhibit the excessive microtubule stabilizing properties of the parent compound [129] . Furtermore, these metabolites can be oxidized to 6 -, 3'-pdihydroxy paclitaxel (3,6OHP) [133] (Fig. 14) .
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Many assays for the quantitative determination of paclitaxel have been described using HPLC-UV and HPLC-MS/MS [99, 102, [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] . Most of the HPLC-UV methods utilize a significant amount of sample, e.g. 1000 L and the lowest LLOQ is approximately 5 ng/mL. The use of the HPLC-MS for the determination of paclitaxel resulted in a more than 50% reduction of the chromatographic run time and a 25-fold increase in sensitivity. Thus far, the most sensitive HPLC-MS/MS assay utilizes 400 L of sample aliquots, a simple liquid-liquid extraction with tertbutylmethylether and detection of polar 6OHP and 3OHP metabolites with a LLOQ of 0.1 ng/mL [137] . This assay by Alexander et al. describes the use of 13 C 6 -paclitaxel as an internal standard, which yielded excellent results on accuracy and precision. There are several other assays developed with a LLOQ of 0.25 ng/mL and 0.5 ng/mL for paclitaxel and its metabolites utilizing less plasma sample aliquots, e.g. 200 L [99, 102] .
Several clinical trials demonstrated the activity of i.p. paclitaxel against advanced ovarian cancer [145, [146] [147] [148] [149] [150] [151] [152] [153] . The results from 6 randomized trials showed that i.p. therapy yielded approximately 21% decrease in the risk of death and 12-month longer overall survival time. The first clinical trials were conducted with the Cremophor EL: ethanol (Taxol®, referred as Cremophor) formulation. In humans, Cremophor is slowly cleared from the peritoneal cavity. Because the entrapment of paclitaxel in Cremophor micelles reduces the free drug fraction available to tumors, it is still uncertain whether a longer residence of the Cremophor formulation translates to greater antitumor activity [147] . Recently, Tsai et al. investigated the effects of carrier on the disposition and efficacy of i.p. paclitaxel. Three paclitaxel formulations with different particle size and release rates have been tested: Cremophor formulation, Cremophor-free paclitaxel-loaded gelatin nanoparticles and Cremophor-free paclitaxel-loaded polymeric microparticles [147] . Several preclinical and phase I studies have been performed with i.p. administered paclitaxel. One of the latest studies with i.p. sustained-release paclitaxel microspheres in recurrent ovarian cancer has been executed by Armstrong et al. [146] . The dose varied from 60 mg/m 2 to 1200 mg/m 2 . Even the highest dose was well tolerated, and low but persistent detection of plasma levels indicated that paclitaxel continued to be released for at least 8 weeks after paclitaxel microparticles treatment. Armstrong et al. could not detect any systemic levels of paclitaxel after the lowest dose of 60 mg/m 2 treatment, using an ultra sensitive analytical method with a LLOQ of 0.1 ng/mL.
Docetaxel
Docetaxel (Taxotere®) is a semisynthetic and a more potent analogue of paclitaxel. Although, paclitaxel is currently the most commonly used taxane, docetaxel seems to be as effective in systemic chemotherapy for primary or recurrent advanced epithelial ovarian cancer [154] [155] [156] [157] . Several HPLC-MS/MS methods have been developed for the quantitation of docetaxel in human plasma [135, 138, 158] . Wang et al. reported a simple and sensitive HPLC-MS/MS method for the determination of docetaxel in human plasma by means of a simple liquid-liquid extraction with terbutylmethyl ether utilizing only 50 L sample aliquots and yielding a LLOQ of 5 ng/mL [158] . The run time of this assay was 3 minutes and positive mode of ionization was used. Although, the method described by Parise et al. yields a lower LLOQ of only 0.2 ng/mL, it requires 1000 L sample aliquots and a time consuming solid phase extraction [138] .
Recently, Yokogawa et al. studied the disposition kinetics of docetaxel after i.p. administration in rats [150] . Rats received 40 mg/kg of docetaxel and the lowest detectable concentration in plasma was approximately 80 ng/mL, measured by the method described by Loos et al., with a LLQQ of 50 ng/mL which proved to be adequate for this application. Another pharmacokinetic study of docetaxel in intraoperative hyperthermic i.p. therapy for ovarian cancer was executed by de Bree et al. [154] . The purpose of this study was to evaluate the pharmacokinetics and toxicity of docetaxel in continuous hyperthermic perfusion peritoneal chemotherapy after cytoreductive surgery for peritoneal involvement of gynecological malignancies, mainly ovarian cancer. 18 patients received 75 mg/m 2 docetaxel at 41-43 0 C. The use of docetaxel resulted in high i.p. versus systemic ratio, however the lowest Cmax in plasma was detected at 75 ng/mL, measured by the method developed by Rosing et al. [135] with a LLOQ of 10 ng/mL. Consequently, the LLOQ's of this and the method developed by Parise et al. [138] are sufficient to determine the systemic leakage of i.p. paclitaxel.
Topo-Isomerase Inhibitors
The nuclear enzymes topo-isomerase I and II transiently break a single strand or double strand of DNA, respectively, during DNA replication, and thereby reducing torsional strain. Inhibitors of these enzymes damage DNA, leading to cell death. This family of anti-cancer drugs has grown rapidly in recent years.
Topotecan
Topotecan is a semisynthetic and water soluble analogue of camptothecin, which showed a potent inhibition of the topoisomerase I enzyme, interfering with the replication and transcription process in tumor cells. This compound has anticancer activity against a variety of solid tumors. Topotecan is known to undergo a pH-dependant, reversible hydrolytic dissociation of its lactone moiety into the hydroxyl carboxylate form [159, 160] . Demethylation to form N-desmethyltopotecan has been identified as a metabolic pathway for topotecan in humans (Fig. 15) [161] . This metabolite was found in plasma and urine of patients treated with topotecan. In vitro and in vivo pharmacological studies suggest that antitumor activity of the lactone form is higher than that of the carboxylate form. In the last years, several HPLC methods using fluorescence detection were developed [159] [160] [161] [162] [163] [164] [165] . Topotecan is a basic, highly polar compound in its protonated form. Most of the methods measure the lactone and carboxylate forms separately, but a few methods exist where both forms are measured simultaneously in one assay, chromatographically separated. Beijnen et al. described the first assay of topotecan with a LLOQ of 1 ng/ml utilizing only 100 L human plasma [160] . Later, Rosing et al. presented an ultra sensitive assay for the lactone and carboxylate forms with a LLOQ of 0.05 ng/mL using 100 L human plasma aliquots, but these forms were not analyzed simultaneously [161, 164] . Recently, Vali et al. documented a simple and rapid HPLC-fluorescence method for the simultaneous separation of lactone and carboxylate forms of topotecan in human plasma with a LLOQ of 0.05 ng/mL for both forms of topotecan [162] . However, compared to 100 L human plasma aliquots used by Rosing et al, this method requires 400 L human plasma. Vali et al. used reversed-phase HPLC with C 18 column and a mobile phase consisting of ammonium acetate buffer, acetonitrile, triethylamine (TEA) and tetrabutyl ammonium hydrogen sulphate (TBAHS), which enabled the simultaneous separation of carboxylate and lactone species of topotecan with less than 10 minutes. The use of TBAHS had a large impact on the peak sharpness and decrease in the retention of the lactone form of topotecan, moreover, TBAHS had no effect on the retention of the carboxylate form, leading to good resolution of the peaks and short run time. TEA was incorporated in the assay to minimize the peak tailing and to improve precision of the method an internal standard, tetracycline HCl, was used.
The pharmacokinetics of topotecan suggests that a substantional pharmacokinetic advantage might be obtained following i.p. injection. The peritoneal/plasma concentration ratio at steady-state is proportional to the peritoneal and plasma clearances of the drug [166] [167] [168] . Three phase I pharmacokinetic studies have been performed. Plaxe et al. administered the dose of 3 mg/m 2 -4 mg/m 2 to seventeen patients in a total of 43 cycles at 21-day interval. The acute dose-limiting toxicity was neutropenia. Plasma pharmacokinetic behavior was best described by first-order kinetics with a half-life of 3.9 hours. The concentration in plasma were measured to be approximately 4 ng/mL 36 hours following the start of i.p. instillation using the method described by Rosing et al. with a LLOQ of 0.05 ng/mL [166] . Hofstra et al. performed a phase I study to evaluate the feasibility and pharmacology of i.p. topotecan [168] . Fifteen patients with recurrent ovarian cancer were treated with escalating i.p. topotecan doses (5-30 mg/m 2 ) for pharmacokinetic analysis. The lowest detectable concentration of topotecan in plasma was approximately 3 ng/mL, measured by an assay with a LLOQ of 0.05 ng/mL [164] . Recently executed phase I study by Bos et al. aimed to determine the maximum tolerated dose (MTD) of i.p. topotecan [167] . Woman with primary ovarian cancer received 6 cycles with escalating topotecan doses of 10-25 mg/m 2 . In this setting the MTD of i.p. topotecan was 20 mg/m 2 . The lowest detectable concentrations were measured after 20 hours and were 3-4 ng/mL. Consequently, the LLOQ's of several methods are sufficient to determine the systemic leakage of i.p. administered topotecan.
INTRATHECAL ADMINISTERED ANTI-CANCER AGENTS
For the inthrathecal (i.t.) route, a needle is inserted between two vertebrae in the lower spine and into the space around the spinal cord. This way the drug is injected into the spinal canal. Usually, a small amount of local anesthetic is used to numb the injection site. This route is used when a drug is needed to produce rapid and local effects on the brain, spinal cord or the layers of tissue covering them (meninges) ( Table 6 ).
Anti-Metabolites
Methotrexate
Although the usual route of administration of MTX is oral or i.v., this antimetabolite is also administered i.t. for the prophylactic treatment of the central nervous system sanctuary sites in leukemia, lymphoma and in the treatment of meningeal carcinomas. For i.t. treatment, the usual dose of MTX is 12-15 mg [169] [170] [171] [172] . There have been several studies executed with i.t. MTX. The kinetics of MTX disappearance from the CSF after i.t. injection was studied extensively by Bode and others [173] [174] [175] [176] [177] [178] 5 to 10 hours [174] . Consequently, the method for the determination of MTX in human plasma, described by Steinborner et al. with a LLOQ of 0.1 ng/mL, is sufficient to measure these concentrations.
Cytarabine
Cytarabine (ara-C) is an antineoplastic antimetabolite used in the treatment of leukemia. Ara-C is metabolized intracellularly into the active triphosphate form to damage DNA by various mechanisms, such as inhibition of DNA Abbreviations: HPLC-UV: High performance liquid chromatography coupled to ultraviolet detector; HPLC-PDA: High performance liquid chromatography coupled to photo diode array detection; HPLC-MS/MS: High performance liquid chromatography coupled to tandem mass spectrometry; LLOQ: Lower limit of quantitation; *: Method is sensitive enough when it allows the systemic detection of the locally administered anti-cancer agents; n/a: Not applicable (because no systemic pharmacokinetic studies have been performed or the compound was not measured).
repair through an effect on -DNA polymerase and incorporation into DNA. Liposomal cytarabine is a slow-release formulation of cytarabine produced by encapsulating the aqueous drug solution in spherical multivesicular particles known as DepoFoam. The compound is slowly released from the DepoFoam into the cerebrospinal fluid, resulting in 40 times longer drug exposure compared to standard cytarabine. The LLOQ of the available analytical HPLC-UV method for the determination of cytarabine in human plasma, published by Fahmy et al, is 450 ng/mL [179] . Hence, Hsieh et al. described three elegant methods for the determination of highly polar cytarabine in mouse plasma by means of (i) porous graphitic carbon column (Hypercarb) coupled to tandem MS; (ii) ion-pairing liquid chromatography interfaced with atmospheric chemical ionization source and a tandem MS; (iii) supercritical fluid chromatography/tandem MS method with a LLOQ of 50 ng/mL for all three methods [180] [181] [182] . All three methods were complimentary to each other and investigated interesting properties of the Hypercarb, ion-paring and supercritical liquid chromatography. Porous graphitic carbon column is composed of flat sheets of hexagonally arranged carbon atoms, which is stable throughout the entire pH range and chemically inert to aggressive solvents. Moreover, due to its peculiar properties, Hypercarb enables the analysis and the chromatographic separation of analytes with extensive polarities [180] . Ion-paring reagents added into the mobile phase are used to improve chromatographic retention on the liphophilic stationary phase through the formation of neutral ion pairs. In this assay, the volatile perfluorinated carboxylic acid ion-pairing reagents, HFBA and NFPA, were added to mobile phase A (water) and B (acetonitrile), respectively, with the goal to establish a robust HPLC-MS/MS assay for monitoring highly polar cytarabine in mouse plasma samples following a simple protein precipitation with methanol [181] . In their recently published article, the potential of packed-column supercritical fluid chromatography (pSFC)-MS/MS method as a complimentary coverage to the HPLC-MS/MS methods for the quantification of cytarabine in mouse plasma samples was investigated [182] . CO 2 , which is the most commonly used mobile phase in SFC, possesses low viscosity and high diffusivity. The coupling of CO 2 /methanol normal phase pSFC to the APCI interface showed good potential for maximum separation efficiency and the detection of the analyte [182] . All three methods, described above, appeared to be complimentary and accurately and specifically measure cytarabine with a LLOQ of 50 ng/mL.
i.t. cytarabine is used in the prophylaxis and treatment of acute lymphocytic leukemia and neoplastic meningitis [172, [183] [184] [185] [186] [187] [188] . The standard administered doses range from 15-70 mg.
Bomgaars et al. presented a phase I trial of i.t. liposomal cytarabine [185] . 18 patients received i.t. cytarabine at the doses of 25 to 50 mg. Blood samples were analyzed and plasma concentrations of cytarabine were rarely detectable, with only two plasma concentrations of 220 and 620 ng/mL. Possibly, the above described methods with a LLOQ of 50 ng/mL, could have measured lower levels of cytarabine in plasma after i.t. administration.
DNA Alkylating Agent
Thiotepa
Thiotepa has been investigated for the treatment of leptomeningeal metastases (LM). LM are cancer cells that circulate along cerebrospinal fluid (CSF) pathways and seed the meningitis. This results in leptomeningeal neoplasia. Thiotepa is administered i.t. in a dose of 5-11.5 mg/m 2 [189, 190] . However, some studies suggest that i.t. thiotepa does not appear to be advantageous over systemic administration in patients with brain and meningeal leukaemia [189] . Unfortunately, no study has been performed yet where systemic exposure to thiotepa was measured after i.t. therapy.
Busulfan
Busulfan (1,4-butanediol dimethanesulfonate) is a bifunctional alkylating agent which is commonly administered in preparative chemotherapy regimens for bone marrow transplantation for patients with heamatological malignancies and non-malignant disorders [191] . This alkylating agent has also been used in the treatment of chronic myelogenous leukemia. Recently, a water soluble microcrystalline formulation of Busulfan (Spartaject Busulfan) became available for experimental use [192] .
Several methods using GC-electrochemical detection, GC-MS, HPLC-UV and HPLC-fluorescence have been described [191, [193] [194] [195] [196] [197] . Because busulfan is a very polar compound with poor UV absorbancy, most of these methods require pre-column or online derivatization with either 8-mercaptoquinoline [196] , or 2,3,5,6-tetrafluorothiophenol to obtain di-TFTP-butane [194] , or with sodium diethyldithiocarbamate [195] , to form a non-polar compound with a specific UV absorbancy and to facilitate the detection. With the introduction of HPLC coupled with tandem MS, the development of a highly sensitive method for the determination of busulfan in human plasma could be accomplished. The methods described by Quernin et al. and dos Reis et al. report major advantages compared to previous methods [191, 193] . They eliminated the derivatization and extraction of busulfan, which shortened the run time by at least 2.5 h. Moreover, the LLOQ of 5 ng/mL was achieved by means of HPLC-MS. Both groups describe the extraction of busulfan from 200 L-plasma aliquots using liquid-liquid extraction with ethyl acetate. Quernin et al. used HPLC coupled with positive mode MS and a chromatographic run time of 10 minutes. Hence, dos Reis et al. employ a more selective tandem MS and a rapid chromatographic run time of only 3.5 minutes [191] .
Recently, a phase I trial of i.t. Spartaject Busulfan in children with neoplastic meningitis was executed and presented by Gururangan et al. [192] . Patients received doses varying from 5-17 mg. I.t. busulfan was well tolerated in children with neoplastic meningtitis from brain tumors, and the recommended dose for future phase II is 13 mg. The concentration of busulfan in plasma was measured using the analytical method by Lindley et al. with a LLOQ of 50 ng/mL and the observed plasma concentrations were between 150-380 ng/mL. Consequently, this method and obviously the bioanalytical assay presented by dos Reis et al, have a sufficient LLOQ to quantitate the traces of drug in plasma of i.t. administered busulfan.
Mafosfamide
Cyclophosphamide (2-[bis(2-chloroethyl)amino]tetrahydro-2H-1,3,2-oxazaphosphorine 2-oxide; CP) is a cytotoxic alkylating agent widely used in the treatment of various malignancies. Cyclophosphamide is a prodrug and requires oxidation by cytochrome P450 enzyme system (CYP) to produce its pharmacologically active metabolite 4-hydroxycyclophosphamide (4OHCP). This active metabolite is unstable and undergoes spontaneous degradation to biologically active species such as phosphoramide mustard. Mafosfamide (4-sulfoethylthio-cyclophosphamide L-lysine) is a preactivated chemically stable thioethane sulfonic acid derivative of cyclophosphamide, which does not require hepatic activation and undergoes spontaneous conversion to the active species in aqueous media (Fig. 16 , as depicted by Blaney et al) [198, 199] . Due to the rapid degradation of mafosfamide into the active 4OHCP, the determination of 4OHCP is of crucial importance. However, measuring 4OHCP levels in plasma is cumbersome, because of its instability. This compound requires trapping by derivatization to stop the enzymatic metabolism and chemical degradation.
In the literature, derivatization with methyl-hydroxylamine, semicarbazide, p-nitrophenylhydrazine, potassium cyanide and 4-aminophanol/hydroxyl-aminehydro-chloride have been described [96, [199] [200] [201] [202] [203] . The most simple and rapid assay with a LLOQ of 50 ng/mL for 4OHCP was described by de Jonge et al. [96] . Recently, Ekhart et at. presented an improved assay by means of using a stable isotope as internal standard and consequently reducing the runtime from 9 to 6 minutes [204] . Immediately after sample collection, the compound was derivatized with semicarbazide, followed by simple protein precipitation using methanol-acetonitrile (1:1, v/v) containing isotopically labeled CP and hexamethylphosphoramide as internal standards, utilizing 100 L plasma aliquots. With the use of reversed phase chromatography with a flow of 0.4 ml/min, the total run time of only 6 minutes could be obtained. The employment of an alkaline mobile phase containing ammonium hydroxide combined with the HPLC-MS/MS in the positive ion mode yielded a LLOQ for 4OHCP of 50 ng/mL.
In vitro and in vivo studies showed a significant activity against a number of transplantable tumors and solid tumors, respectively. Moreover, it was demonstrated that the cytotoxic activity of mafosfamide was comparable to or even exceeding that of activated cyclophosphamide (4-hydroperoxy-cyclophosphamide, a preactivated cyclophosphamide derivative that has been used to purge tumor cells from stem-cell collections before reinfusion). A preclinical and phase I study was executed by Blaney et al. [205, 206] The patients received i.t. doses ranging from 1 to 6.5 mg. I.t. mafosfamide was generally well tolerated. The dose limiting toxicity was irritability and pain at the higher dose levels. The plasma concentrations were measured by a method described by Alacron et al. [207] with a LLOQ of 55 ng/mL and no 4OHCP was detected. Consequently, this method was not sensitive enough. Currently, the most sensitive assay has been developed by Ekhart et al. with LLOQ for 4OHCP of 50 ng/mL [204] . Possibly, this method could have detected 4OHCP after i.t. mafosfamide.
Topo-Isomerase Inhibitors
Topotecan
Studies to investigate the CSF pharmacokinetics of topotecan following systemic administration in a non-human primate model demonstrated that the CSF penetration of the active lactone form of topotecan was approximately 30% [208, 209] . Due to the excellent CSF penetration and the lack of neurotoxicity after systemic administration, studies were performed to evaluate the feasibility of i.t. topotecan in a non-human primate model. Following direct intraventricular topotecan administration, a 450-fold greater CSF exposure could be achieved with 1/100 th of systemic dose; namely, 0.1 mg i.t. administered topotecan was well tolerated [208, 210, 211] .
Several studies with i.t. administered topotecan were executed and, compared with systemic topotecan, i.t. administration provided a significant pharmacokinetic advantage in terms of CSF drug exposure and did not produce any significant neurotoxicity [208, 209, 211] . The maximum tolerated dose is 0.4 mg.
Unfortunately, in the recently described phase I clinical trials i.t. topotecan was measured in CSF fluids and not in plasma, and no conclusion can be made regarding the usefulness of the described bioanalytical assays to measure topotecan in plasma after i.t. administration.
INTRAVESICAL ADMINISTERED ANTI-CANCER AGENTS
Bladder chemotherapy instillation, or intravesical chemotherapy, is used in the treatment of superficial bladder cancer by filling the bladder with medication ( Table 6 ). During a bladder instillation, the bladder is filled with a therapeutic solution that flows in through a narrow tube inserted through the urethra and into the bladder. The instillation is held for varying periods of time, from 1 to 2 hours or more, before being drained or voided. Superficial bladder cancers are usually an early form of cancer, which may recur after initial surgical removal. However, by using treatment which sets medication directly in contact with the bladder wall, it may be possible to prevent recurrence or lengthen the time until recurrence. In the case of advanced stage of bladder cancer, surgical removal or endoscopic thansurethral resection of tumor (TUR-B) is executed, however, due to the high rate of recurrence of the cancer, intravesical chemotherapy is also used as an adjuvant therapy [212] [213] [214] [215] [216] [217] [218] [219] [220] [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] .
Usually, the intravesically administered drugs are given at a high dosage for a high local efficacy; however it is extremely important that, while penetrating the cellular levels of the bladder wall to reach the cancer cells, the drug won't pass into the systemic circulation, which can lead to systemic toxicity of the agent. Drug diffusion across the bladder wall is dependant on the molecular weight and lipid solubility of the applied agent.
DNA Alkylating Agent
Mitomycin C
MMC is a bioreductive agent and it is activated by intracellular reductive enzymes to form cytotoxic species, which then alkylate the DNA. When administered intravesically, the systemic toxicity is limited, however local toxicity is common. Chemical cystitis occurs in approximately 16% of patients. The dose varies between 2-60 mg MMC. It is diluted with water and applied intravesically in the concentration of 0.5-2 mg/mL with 1-2 hours of retention in the bladder [212] [213] [214] [215] [216] [217] [218] [219] . MMC has a molecular weight of 334 Da, and it is relatively hydrophobic. Therefore its diffusion and absorption rate will be relatively slow, resulting in a slower decline in concentration over the depth of the bladder wall and making this agent a suitable drug for deeper bladder wall tumors [212] .
Several pharmacokinetic studies have been executed to determine the penetration of MMC in human bladder [231, 232] . Treatment consisted of transurethral tumor resection followed by six weekly intravesical treatments with MMC (20 mg/40 mL water) for a total of 28 treatments. The plasma concentrations averaged 2.1 and 181 ng/mL and, consequently, the ultrasenstive analytical method for the determination of MMC with the LLOQ of 0.5 ng/mL (as described in section 4.3.1), is adequate to determine the traces of MMC in human plasma when administered intravesically. Detected concentrations were significantly lower than the mitomycin plasma concentrations of 400 ng/mL leading to myelosuppression [233] .
EO9 (Apaziquone)
EO9 (EOquin® or apaziquone) is an indoloquinone derivative of MMC. EO9 also belongs to the class of anticancer agents, known as bioreductive drugs, which are inactive prodrugs that require metabolic activation to generate cytotoxic species. Although, EO9 is indeed structurally related to MMC, it has a different mechanism of action and [198] ).
activity profile. The main metabolite of EO9 is an open ring analogue, EO5a, which is inactive. Recently, we identified another degradation product of EO9, EO9-CL, where Cl is covalently attached to the aziridine ring-opened EO9 molecule (Fig. 17 ) [234] [235] [236] . The administered dose is usually 4 mg of formulated EO9/40 mL of instillation solution. The pharmaceutical formulation consisted of 4 mg of EO9, 25 mg mannitol, 10 mg sodium bicarbonate and 40 mL of the diluent. The diluent formulation contains 10 mg/mL sodium bicarbonate, 0.2 mg/mL EDTA, and 0.6 mL propylene glycol in 2.0 mL sterile water for injection. The pH of the instillation solution is 8.5, which is where EO9 is most stable. If pH shifts in any directions from 8.5, EO9 degrades into inactive degradation products. Recently, an enhanced resolution HPLC-MS/MS method for the determination of EO9 and its inactive metabolite EO5a was developed in our department with a LLOQ of 0.5 ng/mL plasma [237] . To extract the drug from human plasma, liquid-liquid extraction was employed using ethylacetate and reversed phase HPLC coupled to tandem MS was applied. The detection was executed by a Finnigan TSQ Quantum Ultra equipped with the electrospray ion source operated in positive mode, with enhanced massresolution capability. It demonstrated improved sensitivity with a factor 10-20 for EO9 and EO5a over 3-decades dynamic range, with acceptable accuracy and precision, when compared with the previously described assay for EO9 and EO5a, developed by our group, using an API 2000 [234, 237] .
In the two phase II studies, which recently were executed, EO9 proved to be very active and showed a complete response in 67% of the 41 included patients [223, 224] . A phase III study is currently ongoing in the USA.
To determine the systemic absorption of EO9, a multicenter, non-randomized, open-label phase II study was performed. Patients with high risk superficial bladder cancer were treated once a week for 6 weeks with intravesical instillation of EOquin ® (4 mg EO9 in 40 mL instillate). Moreover, another phase II clinical study to determine the toxicity of the drug was performed in 20 patients. Patients with 4 tumors received EOquin® within 6 hours of Transurethral Resection of Bladder Tumor (TUR-B). Plasma samples were measured using the above HPLC-MS/MS method with the LLOQ for EO9 and EO5a of 0.5 ng/mL. No detectable levels of either EO9 or EO5a were measured in the samples from both studies.
Thiotepa
Thiotepa is given intravesically in a variety of schedules to treat superficial bladder cancer. Usually, it is administered, as most of the intravesically administered agents, after TUR-B. Since thiotepa has a molecular weight of only 188 Da and it is lipophilic, diffusion rate is rapid and absorption is extensive. Systemic absorption may result in myelosuppression. The standard intravesical dose is 30-60 mg, with a concentration of 1 mg/mL of normal saline or water [212, 213, 225] . Masters et al. described thiotepa pharmacokinetics during intravesical chemotherapy [225] . Thiotepa was given intravesically in a variety of schedules to treat superficial bladder cancer (from 30-60 mg). Blood samples were obtained Fig. (17) . Proposed degradation mechanism of EO9 in slightly acidic urine.
for 8 h following instillation, and both thiotepa and tepa were measured. The lowest thiotepa concentration measured in the plasma of the patients was 5 ng/mL (and the highest approximately 200 ng/mL) and no tepa was detected in plasma, using the analytical assay by McDermott et al. with a LLOQ of 5 ng/mL [238] . A more sensitive method is thus needed to determine the metabolite of thiotepa, tepa, in human plasma after the intravesical administration of thiotepa.
Antibiotics
Doxorubicin
Doxorubicin (adriamycin) is an anthracycline antibiotic that acts as an intercalating agent and an inhibitor of topoisomerase II [212] . Doxorubicin is most toxic in the S-phase. This drug undergoes an extensive metabolism by the liver and is excreted primarily in the bile. Enzyme-mediated reduction and deglycosidation of doxorubicin results in the formation of several structurally related hydroxylated and aglycone metabolites. Doxorubicinol is produced by cytosolic carbonyl reductase through NADPH-dependant aldo-keto reduction of a carbonyl moiety at the C-13 position. [239] . Doxorubicinone and doxorubicinolone are produced by deglycosidation at the daunosamine sugar at C-7 position. The formed hydroxyl group may be metabolized to 7-deoxydoxorubicinone and 7-deoxydoxorubicinolone (Fig.  18 ).
Doxorubicin displays a broad spectrum of antitumor activity against acute leukemias, Hodgkin and non-Hodgkin's lymphomas, breast cancer, lung cancer and bladder cancer [239] . Patients who fail to respond to alkylating agents (MMC or thiotepa) may be best treated with an intercalating agent, such as doxorubicin or epirubicin, or visa versa. When administered intravesically, the systemic absorption is limited, due to the high molecular weight of 580 Da. Systemic reactions consist of mild nausea and vomiting, diarrhea and fever. The major dose limiting factor is cardiotoxicity. Local side effects consist of chemical cystitis. Doxorubicin is administered in doses of 30-100 mg and diluted with saline solution to a concentration of 0.5-2 mg/mL [212] [213] [214] . Over the years, there have been numerous analytical methods developed to determine anthracyclins and their metabolites in biological matrices [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] [255] [256] [257] . Camaggi et al. developed a highly sensitive assay for the determination of doxorubicin and its fluorescent metabolites, doxorubicinol, doxorubicinone and doxorubicinolone, 7-deoxydoxorubicinone and 7-deoxydoxorubicinolone, in human plasma utilizing HPLC with fluorescence detection, which yielded a LLOQ of 0.3 ng/mL [241] . Sample aliquots of 1000 L were processed using solid phase extraction, which yielded a higher recovery compared to other methods.
The use of capillary electrophoresis with laser-induced fluorescence detection in the separation and determination of doxorubicin and its metabolites in cells have been demonstrated [255, 257] . Recently, using this technique, Anderson et al. described the quantitation of doxorubicin and its metabolites in cell extracts with a LLOQ ranging from 0.1 to 1.1 fmol per cell in single cell analysis [257, 258] . Using borate and sodium dodecyl sulfate (pH 9.3) as a separation buffer (for the metabolites), the 488 nm argon-ion laser line for fluorescence excitation, and a 635 ± 27.5 nm bandpass filter for detection, the limit of detection for doxorubicin in cells was 61 ± 13 zmol [257] .
Moreover, fluorescence detection and laser-induced fluorescence detection proved to yield a lower LLOQ in plasma for doxorubicin compared with the previously described electrochemical detection [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] [255] [256] [257] .
Wientjes et al. performed a study with intravesical doxorubicin to investigate the penetration of doxorubicin in human bladders [259] . The commonly used dosing solution of 40 mg (doxorubicin)/20 ml instillation was instilled prior to the start of surgery and maintained for 60-115 minutes until just prior to bladder excision. The lowest detected plasma levels were approximately 0.4 ng/mL after 3 hours of administration (LLOQ of the method is not mentioned). Consequently, the available analytical methods with a LLOQ of 0.3 ng/mL for doxorubicin is sufficient to measure low levels of doxorubicin which might have leaked into the systemic circulation.
Epirubicin
Epirubicin, a derivative of doxorubicin, was developed to reduce toxicity while maintaining an anti-tumor effect similar to that of doxorubicin [221, 222] . When given intravesically, the main side effects are irritative bladder symptoms. The reported systemic absorption of this drug is minimal [213] . The standard dose varies between 20 and 80 mg diluted in saline at a concentration of 0.5-1.6 mg/mL [212, 220] . Several bioanalytical methods have been developed to determine epirubicin and its metabolites in human plasma [243, 247, [260] [261] [262] . The most sensitive assay was developed by Camaggi et al, as described in 10.2.1 [243] . The LLOQ's of epirubicin and its metabolites, epirubicinol, 4'-O--d-glucuronyl-4'-epirubicin and 4'-O--d-glucuronyl 13-dihydro-epirubicin were 0.3, 0.2, 0.2 and 0.2 ng/mL, respectively [243] .
Tsushima et al. investigated the absorption of epirubicin instilled intravesically immediately after transurethral resection of superficial bladder cancer [263] . Epirubicin was administered in the doses varying from 20 and 50 mg and the systemic plasma concentrations of this compound were measured. After the administration of 50 mg, plasma concentrations of 5 ng/mL could be measured, however, no detectable levels were observed after the dose of 20 mg (the LLOQ of the method is not mentioned). Consequently, with the ultrasensitive analytical method for the quantitation of epirubicin with the LLOQ of 0.3 ng/mL, developed by Camaggi et al., trace levels in plasma of the intravesically administered epirubicin should be reasonably found.
Nucleosides
Gemcitabine
Gemcitabine (2'-2'-difluorodeoxycytidine) is a pyrimidine analog that exhibits antitumor activity against a variety of solid tumors. In blood, gemcitabine is rapidly deaminated by cytidine deaminase, resulting in the inactive metabolite dFdU (2'-2'-difluorodeoxyuridine) (Fig. 19) . Several HPLC-UV, HPLC-PDA and HPLC-MS/MS methods for the quantitation of gemcitabine and dFdU in human plasma have been described [264] [265] [266] [267] [268] [269] [270] [271] . Thus for, the most sensitive HPLC-MS/MS method for the determination of gemcitabine and its inactive metabolite dFdU was developed in our department with the LLOQ for gemcitabine of 0.5 ng/mL and for dFdU of 5 ng/mL [272] . Gemcitabine and dFdU were extracted from 200-μL aliquot human plasma using solid phase extraction. Dried extracts were reconstituted in 1 mM ammonium acetate -acetonitrile (97:3, v/v) and 10 μL-volumes were injected onto the HPLC system. Separation was achieved on a 150 x 2.1 mm C18 bonded phase endcapped with polar groups (Synergi Hydro-RP column) using the eluent composed of 1 mM ammonium acetate pH 6.8 -acetonitrile (94:6, v/v). Detection was performed by positive ion electrospray followed by tandem MS, which yielded the lowest LLOQ published thus far of 0.5 ng/mL for gemcitabine [272] . 7-deoxy-doxorubicinolone Recent studies have shown gemcitabine to produce robust response rates in patients with superficial bladder cancer. Therefore, intravesical application of gemcitabine was tested, which was well tolerated with minimal systemic toxicity and promising efficacy in treatment of superficial bladder cancer [230] .
Witjes et al. and Laufer et al. described two separate phase I and pharmacokinetic studies [230, 273, 274] . Gemcitabine was administered in the dose of 500 to 2,000 mg. Both studies concluded that intravesical gemcitabine, at doses up to 2 g/week is well tolerated, and associated with minimal systemic absorption. Moreover intravesical gemcitabine has promising efficacy in treatment of superficial bladder cancers. The lowest gemcitabine concentrations of 200 ng/mL were observed in plasma of four patients and the lowest concentrations of 10 ng/mL were observed for dFdU. The LLOQ of the above described ultrasensitive method for the determination of gemcitabine and dFdU in human plasma is thus far sufficient for this application.
CONCLUSIONS AND PERSPECTIVES
The route of administration significantly influences the concentration of the drug in the systemic circulation, toxicity and the efficacy of the drug. Most anti-cancer agents are administered i.v. because this route is the most direct one and leads to immediate and complete bioavailability. At the same time, this is usually the most toxic route of administration because high concentrations of the cytotoxic agents may be delivered to the normal tissues and cells and consequently damage them. Moreover, the i.v. administration usually needs to be performed in the hospitalized environment, which can be inconvenient for the patient. Oral administration is patient friendly, but suffers from patient noncompliance and insufficient bioavailability, as observed often with antitumour agents.
In this review we have discussed the advantages and liabilities of the local administration routes, such as cutaneous, i.p, i.t. and intravesical chemotherapies. Important advantages of these routes are high local drug concentrations at the site of action with high local efficacy. However, because sometimes very high doses of the anti-cancer drugs are applied, it is of pivotal importance that none or only small amounts are absorbed into the bloodstream. To determine the low concentrations of locally administered drugs and their degradation products or metabolites that enter the systemic circulation, ultrasensitive bioanalytical methods have been developed in the last 10-20 years. Not all assays, however, are sensitive enough to determine systemic traces of the locally administered agents. Especially with topically applied agents, any systemic exposure has not been investigated thus far. Interestingly, relatively old HPLC-UV techniques still cover a significant part of the assays developed for anticancer agents as discussed in this review. However, MS detection provides in all cases, without doubt, a better sensitivity and selectivity than UV detection. In the recent years, the HPLC-MS technique has shown a steep, fascinating development into the most important tool in the quantitative determination of known and experimental anti-cancer agents and identification of metabolites. Hence the more sensitive HPLC-MS/MS assays should be developed to quantitate systemic exposure of locally administered agents, which is pivotal to predict and to understand their toxicity in the early stage of the development and later clinical use.
